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BRIEF 


Instrumentation  and  methods  are  presented  for  determining  the  Faradai 
and  capacitive  responses  of  an  analyte  over  a  wide  range  of  experimental 
conditions.  The  goal  of  this  work  is  the  generation  of  an  electrochemical 
data  base  containing  a  large  amount  of  structural  information  which  can  be 
used  to  classify  organics  in  a  later  pattern  recognition  analysis. 


ABSTRACT 


Instrumentation  and  methods  are  presented  for  determining  the  Faradaic 
and  capacitive  responses  of  an  analyte  over  a  wide  range  of  experimental 
conditions.  Experiments  were  carried  out  by  a  fractional  factorial  design 
so  that  the  best  experimental  conditions  or  changes  in  conditions  for  analyte 
identification  could  be  determined  in  a  later  pattern  recognition  analysis. 
Percent  ethanol,  pH,  surfactant  concentration,  number  of  cycles,  scan  rate, 
and  mercury  drop  hang  time  all  produced  changes  in  cyclic  differential  capacity 
curves  and  cyclic  staircase  voltammograms  which  were  unique  and  reproducible. 
Capacitive  and  Faradaic  responses  were  determined  independently  for  19 
nitrocompounds  under  most  experimental  conditions. 
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Electroanalytical  techniques  have  not  often  been  used  for 
elucidation  of  chemical  structure.  This  is  due  in  part  to  the  fact 
that  normally  recorded  organic  electrochemical  responses  are  usually 
complex  functions  of  many  variables  such  as  electrode  material, 
solution  composition  and  the  time  frame  of  the  experiment.  Theoretical 
expressions  relating  structure  to  electrochemical  activity  are  valid 
under  very  restrictive  conditions  (1),  and  they  are  often  difficult 
to  evaluate  (2,  3,  4). 

An  empirical  approach  such  as  computerized  pattern  recognition 
would  seem  to  be  the  best  solution  for  qualitative  identification, 
and  it  has  already  been  used  with  some  success  in  electrochemistry 
(5,  6,  7,  8).  However,  in  order  to  use  pattern  recognition  to  assign 
an  unknown  to  a  specific  structural  class,  one  must  first  have  a 
library  of  data  for  similar  structures,  obtained  under  conditions 
similar  to  those  for  the  unknown.  Although  a  vast  amount  of  organic 
electrochemical  data  has  been  collected  (9),  only  small  subsets  have 
been  collected  under  conditions  which  are  sufficiently  similar  for  a 
pattern  recognition  analysis.  Burgard  and  Perone  (10)  reported 
encouraging  results  for  the  analysis  of  30  organics  representing  four 
structural  classes,  but  better  results  might  have  been  obtained  if 
solution  conditions  had  been  varied. 
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Much  of  the  complexity  of  an  electrochemical  response  is  due  to 
the  heterogeneous  nature  of  the  electron  transfer.  The  interplay  of 
adsorption  and  diffusion  complicate  the  interpretation  of  current 
flowing  due  to  electron  transfer.  It  is  common  practice  to  use  a 
solvent  system  such  that  adsorption  effects  are  minimized.  While  this 
may  improve  peak  shape  for  more  accurate  quantitation,  one  may  be 
throwing  away  important  structural  inforn)ation  in  the  process.  The 
strength  and  potential  dependence  of  adsorption  may  indicate  the 
presence  of  certain  functional  groups  (12,  13).  ir-electron  interaction 
has  a  characteristic  influence  on  the  adsorption  behavior  of  organics 
(14),  and  specific  interactions  between  the  analyte  and  some  other 
molecule  or  ion  within  the  double  layer  may  also  be  helpful  in 
identification  (15,  16),  For  these  reasons  we  believe  that  structural 
classifications  might  be  made  more  reliably  by  using  solution  conditions 
where  adsorption  strongly  affects  electrochemical  response. 

The  purpose  of  this  work  is  to  describe  new  methods  and  instrumen¬ 
tation  which  we  have  developed  for  producing  a  large  body  of  electro¬ 
chemical  data  and  for  determining  the  best  measurements  to  be  made  for 
later  pattern  recognition  analysis.  The  effects  of  seven  different 
experimental  variables  on  Faradaic  and  capacitive  electrochemical 
responses  have  been  examined.  Initial  results  for  several  nitrodephenylethers 
are  reported  and  compared  to  other  nitroaromatics.  These  compounds  are 
important  in  agriculture  because  of  their  strong  but  selective  herbi- 
cidal  activity  (11). 

Electrode  capacitance  is  related  in  a  simple  way  to  the  degree  of 
adsorption  or  surface  excess  (17).  A  number  of  methods  are  available 
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for  simultaneous  recording  of  capacitive  and  Faradaic  responses  (18-22), 
one  of  the  best  having  been  recently  reported  by  Elkin  et  al.  (23). 
Elkin's  semitrapazoidal  waveform  (Figure  la)  is  optimal  in  terms  of 
potentiostat  stability,  but  is  difficult  to  generate  experimentally. 

We  have  found  that  a  simple  staircase  (Figure  lb)  will  produce  excellent 
results  while  being  easy  to  generate  under  computer  control.  Electrode 
capacitance  is  obtained  by  measuring  the  rate  of  charging  current 
decay  immediately  after  the  step.  The  advantages  of  making  Faradaic 
measurements  with  staircase  voltaimetry  have  been  enumerated  elewhere 
(24,  25). 
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EXPERIMENTAL 


Experimental  Design 

The  seven  variables  which  were  investigated  are  listed  in  Table  1. 
Performing  a  series  of  experiments  in  which  one  parameter  is  varied 
while  all  others  are  held  constant  at  some  arbitrary  level  would  give 
a  very  narrow  view  of  the  effects  of  each  parameter  if  there  was  any 
possibility  of  interaction  between  variables.  To  get  a  broader  view 
of  each  variable  effect,  the  experiments  were  conducted  by  a  fractional 
factorial  design  (26).  Two  saturated  fractions  were  run  so  that  all 
main  effects  were  de-aliased  from  two-factor  interactions  (27).  Higher 
order  interactions  could  still  be  confused  with  the  main  effects,  but 
in  most  cases,  such  interactions  are  relatively  small  in  magnitude. 

The  level  of  each  variable  in  the  16  experiments  is  given  in  Table  2. 
One  experiment,  #5,  was  repeated  to  test  for  reproducibility. 

The  main  effects  were  explored  with  the  aid  of  variable  effect 
curves.  These  curves  were  constructed  for  each  variable  by  summing 
point-by-point  all  responses  obtained  for  those  experiments  in  Table  2 
where  the  variable  was  at  its  high  level,  and  then  subtracting  all 
responses  where  the  variable  was  at  its  low  level.  This  approach  is 
analogous  to  the  method  reported  in  Ref.  26  for  extracting  the  contri¬ 
bution  of  each  variable,  free  from  the  effects  of  other  variables. 
Effect  curves  were  plotted  for  both  the  Faradaic  and  capacitive 


responses. 
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Solution  Preparation 

Compounds  analyzed  in  this  study  are  listed  in  Table  3.  The 
diphenyl  ethers  were  gifts  from  Dr.  F.  D.  Hess,  Department  of  Botany  and 
Plant  Pathology,  Purdue  University.  Purity  was  95%  or  better.  Other 
compounds  were  commercially  available  in  pure  form.  Stock  solutions 

_3 

were  2.0  x  10  M  and  were  made  by  dissolving  the  compounds  in  2.5  ml. 

of  ethanol  and  diluting  to  50  ml.  with  distilled  water.  The  final 
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concentration  was  1.6  x  10  M  after  complete  solution  preparation. 

Britton-Robinson  buffers  were  used  for  pH  control.  These  were 
made  by  adding  reagent  grade  boric  acid,  sodium  acetate,  dibasic 
potassium  phosphate  and  potassium  chloride  to  either  distilled, 
deionized  water  or  to  a  10"  ethanol  solution  so  that  each  of  the  com¬ 
ponents  was  0.02  F.  The  stock  buffer  solutions  were  stored  in  5  gallon 
carboys  and  were  delivered  to  the  cell  via  de-oxygenating  columns  and 
automatic  pipettes  shown  in  Figure  2.  The  aqueous  buffer  was  contin¬ 
uously  irradiated  with  U.V.  light  to  prevent  the  growth  of  bacteria. 
Purified  nitrogen  was  used  for  deoxygenation.  Stainless  steel  A.C. 
solenoid  valves  (ALCO  204CA1/453/32G)  controlled  the  flow  of  solution 
through  the  pipettes.  The  volume  of  solution  delivered  was  set  to 
46.0  ml.  by  adjusting  the  position  of  the  pipettes  relative  to  the  cell 
entry  port.  The  standard  deviation  for  3  successive  deliveries  was 
found  to  be  0.02  ml . 

Sodium  lauryl  sulfate,  1.85  M  nitric  acid  and  the  analyte  were 
delivered  to  the  cell  by  a  Technicon  Proportioning  Pump  (Model  III) 
and  laLching  3-way  solenoid  valves.  The  sodium  lauryl  sulfate  solution 
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was  10  M  and  contained  a  mixture  of  alkyl  sulfates,  lauryl  sulfate 


being  the  primary  species.  The  valve  used  for  control  of  the  nitric 
acid  flow  was  constructed  from  Teflon  (General  Valve  1-36)  while  the 
others  were  stainless  steel  (Angar  Scientific  Corporation,  40L). 

Teflon  tubing  was  used  for  the  analyte,  otherwise  connections  were  made 
with  Tygon  tubing.  The  flow  lines  were  terminated  within  the  cell  by 
glass  nozzles  which  were  rendered  hydrophobic  by  immersion  in  dichloro- 
dimethyl silane  for  5  minutes.  This  treatment  reduced  the  tendency  of 
drops  to  hang  from  the  nozzles  after  solution  delivery. 

The  cell  was  made  from  a  100  ml.  round  bottom  pyrex  flask  to 
which  a  drain  tube  and  solvent  entry  tube  had  been  added  (see  Fig. 3). 

The  original  24/40  ground  glass  joint  was  replaced  by  a  screwtop  and 
Teflon  cap.  Holes  of  the  appropriate  size  were  drilled  in  the  cap  for 
the  electrodes  and  pump  lines. 

An  argon  gas  line  which  was  attached  to  the  bottom  of  the  cell  at 
the  same  point  as  the  drain  tube  served  several  functions.  The  purified 
argon  completed  deoxygenation  of  the  solution  and  mixed  it  thoroughly. 
Furthermore,  the  churning  of  the  solution  removed  any  drops  remaining 
on  the  pumpline  nozzles  and  aided  in  cleaning  of  the  cell  during  the 
wash  cycle. 

All  valves  were  operated  under  computer  control.  The  TTL  levels 
available  at  the  computer  interface  were  used  to  switch  a  bank  of  relays 
and  dual  peripheral  driver  chips  which  provided  the  necessary  voltage 
levels.  The  peripheral  drivers  (SN75450)  were  operated  at  12V.  The 
relays  (Sigma  70R4)  switched  115  VAC.  The  24  VDC  required  by  the  relay 
coils  was  provided  with  SN7407  gates. 
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Electrodes  a nd  Potentiostat 

The  mercury  electrode  was  constructed  in-house  and  could  auto- 
maticallv  deliver  stationary  drops  with  a  mass  rame  which  was  adjust¬ 
able  between  0.8  and  15  mo.  The  drop  mass  used  in  this  work  was  3.7  mg 

2 

Assuming  a  spherical  drop,  the  drop  area  was  0.02  cm  . 

The  reference  electrode  was  a  saturated  calomel  fiber  tipped 
electrode  (Coleman  3-710).  The  electrode  was  lengthened  and  bent 
slightly  for  positioning  within  the  cell. 

A  large  spiral  of  platinum  wire  was  used  for  the  counter  electrode 
The  spiral  was  1.4  cm.  in  diameter.  A  large  electrode  vias  used  to  make 
the  potential  gradient  in  the  solution  as  uniform  as  possible. 

The  electrode  placement  is  shown  in  Figure  3.  A  Teflon  spacer 
within  the  cell  served  to  hold  the  electrodes  in  position.  A  glass 
rod  not  shown  in  the  figure  was  connected  to  the  spacer.  This  rod  was 
shaken  by  an  electromechanical  arm  to  dislodge  mercury  drops  from  the 
electrode  after  use. 

A  relatively  fast  potentiostat  was  needed  to  monitor  the  charging 
current  decay  accurately.  Such  a  potentiostat  was  constructed  and  is 
shown  in  Figure  4.  All  operational  amplifiers  v;ere  RCA  3140's.  When 
a  10  mV  step  was  applied  to  the  potentiostat,  the  new  potential  (within 
b%)  was  achieved  at  the  reference  after  a  period  of  5  to  20  psec, 
depending  on  the  cell  time  constant. 

The  gain  of  the  current  measurement  circuitry  could  be  adjusted 
manually  or  under  computer  control.  By  changing  the  voltage  at  the  FET 
gate,  and  by  multiplexing  the  input  and  output  of  a  4X  amplifier  at  the 
computer  interface,  the  gain  could  be  1,  4,  8  or  32  times  the  manually 
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selected  gain.  Automatic  gain  control  v/as  necessary  so  that  accurate 
measurements  could  be  made  on  both  the  charging  current  and  the  Faradaic 
current  within  the  same  steo- 

The  potentiostat,  cell  and  solution  mixing  apparatus  were  all 
enclosed  in  a  32  x  22  x  18  inch  acrylic  box  which  v/as  vented  to  a 
nearby  hood.  Aluminum  sheet  was  fastened  to  the  boxes'  exterior  so 
that  it  also  served  as  a  Faraday  cage  for  noise  reduction.  An  external 
high  current  relay  was  used  to  turn  off  all  AC  power  within  the  box 
while  measurements  were  being  made. 

Computer  Hardware 

A  Hewlett  Packard  2100S  minicomputer  with  32K  words  of  core  memory 
was  used  for  generation  of  the  staircase  waveform,  aquisition  of  data, 
and  control  of  solution  make-up.  Peripherals  included  a  general 
purpose  interface,  a  paper  tape  punch  and  reader,  a  Tektronix  601 
storage  display  monitor  and  a  TRS-80  Model  II  computer  used  as  an 
intelligent  terminal.  A  16  bit  optically  isolated  digital  to  analog 
converter  (DAC)  was  coupled  to  a  sample  and  hold  amplifier  (SHH-1)  for 
production  of  a  clean  staircase  which  was  free  from  DAC  switching 
noise.  Analog  to  digital  conversion  was  accomplished  with  an  Analog 
Devices  ADC-1103  converter  and  a  SMA-IA  S/H  amplifier.  Timing  for  all 
operations  was  derived  from  a  20  MHz  crystal  clock  which  was  scaled  to 
a  frequency  appropriate  for  the  task  being  executed. 
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The  2100S  was  linked  to  a  HP  2117F  minicomputer  which  was  faster 
and  had  more  extensive  mass  storage  and  graphics  capabilities. 
Peripherals  of  the  2117  included  a  5  MByte  disk,  a  Tektronics  4012 
graphics  terminal,  a  Centronics  306  printer  and  a  Calcomp  565  digital 
plotter. 


Experimental  Timing 

The  staircase  step  height  in  all  runs  was  13.5  mV.  The  step  length 
was  adjusted  to  13.5  or  54.0  msec,  to  produce  scan  rates  of  1.00  and 
0.25  V/s.  256  steps  were  made  on  each  cyclic  staircase, scanning  a 
potential  of  0.00  to  -1.73  V.  vs.  S.C.E.  45  current  measurements  were 
made  on  each  step.  The  first  41  were  recorded  at  a  rate  of 

100  KHz  starting  31.4  microseconds  after  the  step  using  direct  memory 
access.  The  final  four  measurements  were  made  under  program  control 
at  times  which  were  dictated  by  the  scan  rate.  When  the  scan  rate  was 
1.0  V/s  the  measurement  times  were  4.03,  4.13,  13.38  and  13.48  milli¬ 
seconds  after  the  step.  At  0.25  V/s,  the  times  were  16.18,  16.28, 

53.88  and  53.98  msec. 

Two  independent  scans  were  averaged  for  each  vol tammogram.  Before 
averaging,  the  scans  were  compared  to  make  sure  that  no  random  noise 
spikes  were  present.  They  were  also  checked  for  ADC  overflow  and  for 
the  absence  of  a  current  spike  after  a  step  which  would  indicate  the 
absence  of  a  mercury  drop.  Whenever  an  error  condition  was  detected, 
the  solution  was  bubbled  with  argon  for  a  few  seconds  and  the  mercury 
electrode  was  sent  through  a  self-cleaning  routine,  after  which  the 
vol tammogram  was  retaken. 
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Experiments  were  performed  in  the  order  in  which  they  are  listed 
in  Table  2.  A  new  solution  was  created  by  adding  components  to  the 
previous  solution  whenever  possible.  The  cell  was  emptied  and  washed 
3  times  with  deionized  water  after  runs  5(a),  9,  13,  and  16. 

Hewlett  Packard  Basic  was  used  to  sequence  the  experiments  and  for 
operator  I/O.  Assembly  subroutines  v;ere  used  for  data  aquisition  and 
for  all  data  manipulation  done  by  the  2100  computer. 

The  2100  computer  sent  the  data  block  obtained  from  each 

experiment  to  the  2117  as  soon  as  it  was  acquired.  A  FORTRAN  program 

was  run  there  to  sort  the  Faradaic  current  from  the  data  block  and  to 

calculate  R  and  C  . 

u  d  I 

Faradaic  Current  Extraction 

Current  readings  taken  at  the  end  of  each  step  and  at  30*  of  the 
step  time  were  assumed  to  be  predominantly  Faradaic  in  nature.  One  of 
the  two  sampling  times  was  selected  as  required  by  the  factorial  design 
The  two  points  which  bracketed  the  desired  time  were  averaged  for 
signal  to  noise  enhancement  and  stored  in  a  permanent  disk  file. 

Calculation  of  R  and  C., 

_ u _ ^ 

The  uncompensated  resistance,  R^,  and  the  double  layer  capacitance 
Cj.| ,  were  calculated  from  the  charging  current  decay  data  for  each  step 
It  was  assumed  that  the  Faradaic  current  remained  constant  over  the 
time  frame  of  the  measurements  and  that  it  was  equal  to  the  current 
reading  taken  at  the  end  of  the  previous  step.  Its  contribution  was 
subtracted  from  the  charging  current  before  further  processing. 
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Taking  the  log  of  the  familiar  exponential  decay  equation  allowed 
and  to  be  calculated  by  linear  regression; 

log(i)  =  log(AV/R^)-t/R^C^^  (1) 

An  initial  estimate  of  cell  time  constant  was  made  using 

only  the  1st  and  20th  point  taken  after  the  step.  Six  points  at  evenly 
spaced  intervals  were  then  selected  to  cover  1  time  constant  and  a 
second  regression  was  done. 

The  time  scale  for  the  2nd  regression  was  constructed  by  consid¬ 
ering  the  peak  of  the  charging  current  spike  to  be  at  time  zero.  This 
corrected  for  the  dependence  of  che  potentiostat' s  risetime  on  the 
capacitance  of  the  double  layer.  Since  the  peak  was  not  contained 
within  the  data,  it  was  estimated  from  the  following  equation: 

Wwcrosec)  '  *  ^(uF)  *  12.2  (2) 

The  2-point  estimate  of  C^.|  was  used  in  the  equation.  Oscilloscope 
measurements  showed  that  this  procedure  gave  p^ak  times  which  were  in 
error  by  no  more  than  2  microseconds  for  capacitances  between  0.2  and 
1.5  pF.  Changes  in  R^  between  100  and  500  ohms  had  no  effect  on  the 
peak  time. 


Blanks 

A  blank  was  recorded  oach  time  a  new  solution  was  made  or  the 
instrumentation  was  adjusted.  Both  the  differential  capacity  blank 
and  the  Faradaic  blank  (primarily  the  reduction  of  water)  wero  reco*'ded, 
and  at  the  operator's  discretion  could  be  subtracted  from  the  corre¬ 
sponding  responses  when  the  analyte  was  present. 


RESULTS  AND  DISCUSSION 


Dummy  Cell  Measurements 

The  accuracy  of  the  double  layer  capacity  and  uncompensated 
resistance  measurements  was  evaluated  with  a  series  of  15  dummy  cells 
having  time  constants  betv/een  67  and  921  microseconds .  2°i  plastic 

capacitors  and  1%  metal  film  resistors  were  used.  The  results  are 
listed  in  Table  4.  The  standard  error  for  was  4.4  ohms  and  this 
error  tended  to  be  smaller  for  larger  cell  time  constants.  The 
standard  error  in  estimation  was  0.034  microfarads.  It  was 
relatively  constant  over  the  entire  range  of  time  constants  examined. 

Separation  of  Faradaic  and  Capacitive  Currents 
The  accuracy  of  the  dummy  cell  determinations  can  give  an  overly 
optimistic  view  of  the  error  involved  in  double  layer  capacity  measure¬ 
ments  in  real  systems  where  Faradaic  current  is  involved.  Complete 
separation  of  Faradaic  and  capacitive  currents  can  never  be  assumed 
(28,  29,  30).  When  trying  to  calculate  the  cell  time  constant  from 
the  step  current  decay,  the  presence  of  a  rapid  electron  transfer 
reaction  not  only  is  an  interference  in  itself,  but  it  will  also  cause 
the  flow  of  induced  charging  current  which  further  complicates  the 
calculation  (31).  Although  simulation  methods  have  been  used  to 
characterize  the  induced  charging  current  caused  by  reversible 
electron  transfer,  no  information  is  yet  available  for  irreversible 
systems  such  as  are  being  studied  in  this  work. 
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The  presence  of  Faradaic  interference  in  differential  capacity 
curves  can  be  recognized  by  unusually  high  capacity  values  near  a 
redox  couples'  This  effect  is  shown  for  a  solution  of  aniline 

and  cadmium  nitrate  in  KCl  (Fig.  5).  The  shape  of  the  curve  agrees  with 
literature  values  for  the  aniline-KCl  system  except  for  the  potential 
region  around  -0.6  V  vs.  S.C.E.  vjhere  an  extraneous  peak  is  found.  No 
distortion  is  seen  at  potentials  somewhat  anodic  of 
potentials  where  the  cadmium  reduction  is  diffusion  controlled. 

Similar  results  were  observed  with  iron  oxalate. 

An  effort  was  made  to  separate  reversible  Faradaic  and  capacitive 
responses  by  a  curve-fitting  technique.  It  was  postulated  that  the 
step  current  response  at  early  times  could  be  represented  by  the  sum  of 
an  exponential  decay  equation  and  a  quadratic  polynomial  function  repre¬ 
senting  both  the  Faradaic  current  and  the  induced  charging  current. 

This  was  found  to  be  true  for  theoretical  data  generated  by  digital 
simulation,  but  fits  to  experimental  data  were  not  so  successful. 

Curve  fitting  reduced  the  error  in  the  cadmium-aniline  system  by  60". 

Fortunately  the  Faradaic  current  had  little  effect  on  differential 
capacity  curves  for  most  of  the  irreversible  systems  examined.  The 
kinetics  of  oxygen  reduction  are  slow  (32),  and  the  presence  or  absence 
of  oxygen  in  the  aniline  solution  had  no  effect  on  the  differential 
capacity  measurements.  Figure  6  shows  both  responses  for  l-chloro-2- 
nitrobenzene.  No  pseudo-capacity  peak  was  found  in  the  region  of  the 
reduction  pottucial,  -0.5  V  vs.  S.C.E.  The  same  behavior  was  seen  for 
all  compounds  with  one  benzene  ring  and  for  five  of  the  nitrodiphenyl 
ethers.  Faradaic  interference  peaks  were  found  in  the  differential 
capacity  curves  for  Ethers  4,  6,  7  and  8  for  the  conditions  of 
experiments  4  and  7  even  though  their  reduction  was  irreversible.  This 
is  shown  in  Figure  7b.  in  such  cases  it  is  difficult  to  say  whether 
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the  peak  was  totally  due  to  Faradaic  current  or  if  it  was  due  in  part 
to  a  true  change  in  capacity  caused  by  the  electron  transfer  reaction. 

The  fact  that  there  is  a  change  in  the  limiting  capacity  on  either  side 
of  the  peak  supports  the  latter  view. 

The  contribution  of  charging  current  to  the  Faradaic  neasurepients 
was  very  small  in  most  cases.  The  average  for  solutions  in  which 
ethanol  was  at  its  high  level  was  509  ohms.  Ivhen  ethanol  was  at  its 
low  level,  the  average  R^  was  386  ohms.  Since  the  average  double  layer 
capacitance  was  0.37  microfarads,  the  first  sampling  of  the  Faradaic 
current  was  typically  made  at  24  cell  time  constants  after  the  step. 

At  24  cell  time  constants,  both  step  charging  current  and  induced 
charging  current  should  be  insignificant  (31). 

The  only  anomalous  Faradaic  current  measurements  were  observed  for 
three  of  the  nitrodi phenyl  ethers.  Voltammograms  of  Ethers  1,  2,  and  4 
showed  peaks  which  could  not  be  explained  by  any  reasonable  Faradaic 
process  (see  Figure  7a).  These  peaks  always  occurred  in  regions  where 
there  was  an  abrupt  change  in  differential  capacity  without  a 
differential  capacity  peak,  and  thus  could  be  attributed  to  a  very  slow 
adsorption-desorption  process. 

Variable  Effects 

If  a  change  in  the  level  of  a  variable  is  to  yield  information 
which  is  useful  in  qualitative  analysis,  the  change  must  be  large 
enough  to  produce  a  response  from  the  analyte  which  is  significantly 
larger  than  the  experimental  noise.  It  would  also  be  advantageous  if 
each  variable  had  a  unique  effect  on  the  analyte's  response  so  that  no 
redundant  information  is  collected.  A  detailed  analysis  of  variable  effects 
is  presented  elsewhere  (32).  Here,  we  will  consider  results  with  two 
specific  compounds:  l-chloro-2-nitrobenzene  and  ether  4. 


The  standard  errors  of  the  effects  (34)  for  both  the  capacitive 
and  Faradaic  responses  were  calculated  at  each  voltage  for  both 
compounds.  The  standard  errors  were  then  used  to  generate  95% 
confidence  intervals  which  were  superimposed  on  the  plots  of  each 
effect.  This  is  shown  in  Figure  8.  95%  of  all  variations  due  to 

experimental  noise  will  fall  within  the  shaded  region.  Any  excursion 
of  an  effect  curve  beyond  the  shaded  region  representing  the  confidence 
interval  can  be  considered  significant. 

All  variables  had  a  significant  effect  on  the  Faradaic  response 
for  both  l-chloro-2-nitroben2ene  and  Ether  4.  The  magnitude  of  the 
effects  decreased  in  the  following  order:  pH  >  scan  rate,  ethanol, 
number  of  cycles  >  drop  hang  time  >  sampling  time,  surfactant.  The 
shapes  of  all  the  effect  curves  were  quite  different  for  l-chloro-2- 
nitrobenzene.  For  Ether  4,  the  effect  of  scan  rate  and  drop  hang  time 
were  similar,  but  still  differed  from  each  other  by  more  than  a  microamp 
in  some  places.  The  same  was  true  for  the  effects  of  pH  and  ethanol. 

The  only  variables  which  had  a  significant  effect  on  the  capacitive 
response  of  l-chloro-2-nitrobenzene  were  pH,  number  of  cycles  and 
ethanol.  The  effects  of  the  number  of  cycles  and  pH  were  comparable 
in  magnitude  while  the  ethanol  effect  was  much  smaller.  The  shapes  of 
each  of  the  variable  effect  curves  were  different. 

All  of  the  variables  except  for  the  sampling  time  had  a  significant 
effect  on  the  capacitive  response  of  the  strongly  adsorbed  Ether  4. 

(The  sampling  time  variable  apfilies  only  to  Faradaic  measurements.) 

The  mag.iitude  of  the  effects  decreased  in  the  following  order:  number 
of  cycles  >  pll  •  scan  rate  ethanol  >  hang  time  >  surfactant.  None  of 
the  effect  curves  showed  much  similarity  in  shape. 


-16- 


Since  a  possible  sampling  time  effect  on  determination  of 
capacity  can  be  eliminated  on  first  principles,  an  estimate  can  be 
made  of  the  size  of  3  factor  interactions.  The  ethanol -number  of 
cycles-scan  rate,  ethanol -pH-surfactant,  and  the  pH-number  of  cycles- 
hang  time  interactions  were  confounded  among  themselves,  but  were 
free  from  any  lower  order  effects.  The  capacitive  response  to  these 
interactions  v/as  not  significant  at  any  voltage.  This  justifies  our 
earlier  assumption  that  high  order  interactions  can  be  ignored  in 
calculating  the  main  effects,  at  least  for  the  capacitive  responses. 


I 
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CONCLUSIONS 

The  Faradaic  and  capacitive  responses  were  determined  accurately 
and  independently  for  most  of  the  compounds  studied  through  the  use  of 
the  cyclic  staircase  waveform.  Very  fast  electron  transfer  and  very 
slow  adsorption-desorption  occasionally  degraded  the  separation  of  the 
two  responses.  Comparisons  between  the  differential  capacity  curves 
and  the  vol tammograms  were  helpful  in  identifying  situations  in  which 
a  Faradaic  response  could  be  mistaken  for  a  capacitive  response  and 
vice  versa. 

The  variables  chosen  and  the  levels  over  which  they  were  changed 
appeared  to  be  appropriate  for  later  pattern  recognition  analysis. 

The  changes  in  all  the  experimental  variables  were  large  enough  and 
reproducible  enough  to  produce  significant  effects  on  both  the  Faradaic 
and  capacitive  responses  of  an  analyte.  The  effect  of  each  variable 
was  unique,  so  that  redundant  information  was  not  recorded. 

The  methodology  described  here  appears  to  provide  a  convenient, 
reliable  means  of  generating  an  electrochemical  data  base  appropriate 
for  qualitative  characterization  of  organic  analytes.  The  information 
content  appears  to  be  large.  Subsequent  pattern  recognition  studies 
will  be  reported  to  demonstrate  applicability  to  computerized  analyte 
classification. 
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TABLE  1.  Variable  Levels 


VARIABLE 
%  Ethanol 
pH 

Surfactant  Concentration 
Number  of  Cycles 
Scan  Rate 
Drop  Hang  Time 
Samp! ing  Time 


LQVJ  LEVEL  (-)  HIGH  LEVEL  (  +  ) 


0.5  % 
8.0 
0 
1 

0.25  V/s. 

0.2  s. 

30%  of  step 
ici'=.7) 


9.5 


5.1 


1  .4  X  10"^  M 


1.0  V/s. 

30  s. 

end  of  step 
(a'=.007) 
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TACLE  2.  Fractional  Factorial  Design 


Experinent 

Variabl  e 

h. 

1 

+ 

- 

- 

- 

- 

+ 

+ 

2 

+ 

- 

- 

+ 

+ 

- 

+ 

3 

+ 

+ 

- 

+ 

- 

- 

- 

4 

+ 

+ 

- 

- 

+ 

+ 

- 

5(a) 

+ 

+ 

+ 

+ 

+ 

+ 

4* 

6 

- 

- 

+ 

+ 

- 

- 

+ 

7 

- 

- 

+ 

- 

+ 

+ 

+ 

8 

- 

+ 

+ 

- 

. 

+ 

- 

9 

- 

+ 

+ 

+ 

+ 

- 

- 

10 

- 

- 

- 

+ 

+ 

+ 

- 

11 

- 

- 

. 

12 

- 

+ 

- 

+ 

. 

13 

- 

+ 

- 

+ 

+ 

4* 

14 

+ 

- 

+ 

- 

+ 

- 

. 

15 

+ 

- 

+ 

+ 

+ 

5(b) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

16 

+ 

+ 

+ 

+ 
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TABLE  3.  Compourids  Studied 


Si trobenzenes 


1.  p-ni trophenol 

2.  1 -chloro-L-nitrobonzene 

3.  o-ni trophcnol 
A.  i;i-ni  tropiienol 

5.  ri-ni  t'"oto';  uene 

6.  1 -cni oro-4-ni trobenzene 

7.  p-ni trotol uene 

8.  2-6-dichloro-4-nitrophenol 

9.  p-m‘troani  sole 

10.  a-chloro-m-nitrotoluene 


Nitrodi phenyl  ethers 

0 

It 
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TABLE  4.  Dummy  Cell  Results 
Cell  #  Ru  Cdl 


True 

Experimental 

True 

_  Experimental 

1 

175 

183 

.382 

.35 

2 

175 

180 

.765 

.71 

3 

175 

180 

1.15 

1.10 

4 

175 

179 

1.53 

1.51 

5 

175 

176 

2.29 

2.23 

6 

301 

305 

.382 

.35 

7 

301 

306 

.765 

.76 

8 

301 

303 

1.15 

1.13 

9 

301 

303 

1.53 

1.50 

10 

301 

302 

2.29 

2.26 

n 

402 

410 

.382 

.36 

12 

402 

405 

.765 

.77 

13 

402 

401 

1.15 

1 .12 

14 

402 

400 

1.53 

1.50 

15 

402 

399 

2.29 

2.28 
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LIST  OF  FIGURES 

Figure  1.  (a)  Elkin's  semitrapazoidal  waveforir  (b)  Staircase  waveform, 

(c)  Current  response  to  staircase.  Shaded  portion  shows  time 
during  which  capacitance  data  are  taken.  X's  show  timing  of 
Faradaic  measurements. 

Figure  2.  Solvent  delivery  system. 

Figure  3.  Cell  design. 

Figure  4.  Potentiostat  design. 

Figure  5.  0.05M  aniline  and  8  x  lO’^M  Cd(N02)2  in  i-OM  KCl . 

Figure  6.  l-chloro-2-nitrobenzene  response  in  experiment  #1.  (a)  Current, 

(b)  Differential  Capacity. 

Figure  7.  Response  of  Ether  #4  in  experiment  #4.  (a)  Current. 

(b)  Differential  capacity.  Peaks  number  3  and  4  in  graph 
(a)  are  due  to  capacitive  effects.  The  sharp  peak  in 
graph  (b)  has  both  a  capacitive  and  Faradaic  component. 

Figure  8.  The  effect  of  ethanol  on  the  Faradaic  response  of  l-chloro-2- 
nitrobenzene.  The  shaded  region  represents  the  confidence 
interval  for  the  effect.  The  effect  curve  is  the  average 
change  in  a  staircase  voltammogram  when  the  percentage  of 
ethanol  in  solution  is  changed  from  9.5  to  0.5". 
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Figure  2.  Solvent  delivery  system. 
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Figure  5.  0.05M  aniline  and  6  x  lO'^M  Cd(N02)2  iri  l.OM  KCl. 
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Figure  7. 
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Figure  8. 
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